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the TIM23 complex. Tim50 is an integral inner membrane of the purified crosslinked product followed by mass spectrometry analyses identified 4 peptides, whose seprotein and exposes the large C-terminal domain to the IMS, which interacts with the N-terminal domain of quences corresponded to the open reading frame (ORF) YPL063w on yeast chromosome XVI that encodes a 55.1 Tim23. Tim50 is directly involved in translocation of precursor proteins with a cleavable presequence, but not of kDa polypeptide of an unknown function. We termed this ORF TIM50. Its predicted product, Tim50, consists presequence-less polytopic membrane proteins, across the inner membrane. Translocation intermediates lodged of 476 amino acid residues and possesses a predicted N-terminal mitochondrial presequence (residues 1-43; in the Tom40 channel crosslinked to Tim50. On the basis of these observations, a possible role for Tim50 in linking Claros and Vincens, 1996) and a putative transmembrane segment (residues 113-132) ( Figure 1C) . Indeed, the protein translocation across the outer and inner membranes will be discussed.
N-terminal sequencing of the 95 kDa crosslinked product showed that the mature part of Tim50 starts from residue 44 and has a MW of 50.4 kDa (not shown).
Results
We raised antibodies against the C-terminal segment (residues 242 To assess the functions of Tim50, the TIM50 gene was disrupted in the diploid yeast strain by integration of While the C-terminal DHFR domain of the intermediate remains outside the mitochondria, the N-terminal pCytb 2 the HIS3 gene of Candida glabrata, and the cells were induced to sporulate and spores were subjected to tetpart has already crossed the outer membrane. The N terminus of pb 2 (220)DHFR reaches the IMS to form the rad analysis. Upon dissection, each tetrad yielded only two viable spores ( Figure 2A ). All viable spores were mature form, which received processing of the presequence by both MPP and Imp1p, or is anchored to the His Ϫ and were confirmed to carry the non-disrupted TIM50. This indicates that TIM50 is essential for vegetainner membrane to form the processing-intermediate form We isolated yeast mitochondria and analyzed the suborganellar location of Tim50. Tim50 was inaccessible to identify the partner protein.
For this purpose, pb 2 (220)DHFR-94C, a pb 2 (220)DHFR to protease added to intact mitochondria ( Figure 2C , lanes 1 and 2), but was accessible to protease added to derivative that has a unique cysteine residue at position 94 and a hexahistidine tag at the C terminus was premitoplasts, where the outer membrane was selectively ruptured ( Figure 2C, lanes 3 and 4) . This behavior resempared in large amounts from E. coli cells ( Figure 1A) . Modification of pb 2 (220)DHFR-94C with 4-(N-maleimibles that of Tim23, an inner membrane protein exposing a domain to the IMS, but is different from those of do)benzophenone (NMBz) directed introduction of a benzophenone moiety to Cys-94 of the fusion protein.
Tom70, an outer membrane protein exposing a domain to the cytosol, or subunit ␤ of F 1 -ATPase (F 1 ␤), a periphIncubation of NMBz-modified pb 2 (220)DHFR-94C with isolated yeast mitochondria in the presence of MTX reeral inner membrane protein on the matrix side ( Figure  2C ). Tim50 was, like integral membrane proteins, Tom70 sulted in the formation of a translocation intermediate and subsequent UV irradiation yielded a crosslinked and Tim23, not extracted from the membranes with Na 2 CO 3 at pH 11.5 while a peripheral membrane protein, product of ‫59ف‬ kDa ( Figure 1B, lane 4) . The mitochondria were solubilized with detergent and the crosslinked F 1 ␤, was extracted with Na 2 CO 3 ( Figure 2C , lanes 5 and 6). All these proteins were extracted from the memproduct was purified by affinity chromatography for the hexahistidine tag of the fusion protein. Tryptic digestion branes with Triton X-100 ( Figure 2C, lanes 7 and 8) . These results indicate that Tim50 is an integral memchondria might be due to the folded structure of the C-terminal domain of Tim50, which is resistant to moderbrane protein of the mitochondrial inner membrane. Tim50 became unrecognizable by the antibodies against ate protease digestion (data not shown). Indeed, C-terminally truncated versions of the Tim50 precursor were, the C-terminal segment of Tim50 after protease treatments of the mitoplasts (not shown). Since Tim50 has in contrast to the full-length Tim50 precursor, efficiently imported into mitochondria (not shown). In vivo, Tim50 only a single putative transmembrane segment near the N terminus, Tim50 most likely takes the N in -C out topology is likely imported into mitochondria in a cotranslational manner because it is synthesized on membrane-bound in the inner membrane and exposes the large C-terminal domain (residues 133-476) to the IMS.
polysomes ( In parallel, the effects of depletion of Tim50 were tested on mitochondrial protein import in vitro. First, import of the radiolabeled presequence-containing precursor of mtHsp60 and radiolabeled pSu9-DHFR, a fusion protein between the presequence of subunit 9 of F o -ATPase and DHFR, into mitochondria isolated from wild-type cells or GAL-TIM50 cells (Tim50↓ cells) after cultivation in galactose-free medium for 12 hr was monitored. The rates of import of the mtHsp60 precursor and pSu9-DHFR into Tim50↓ mitochondria were significantly decreased as compared with those into wild-type mitochondria ( Figure 3C ). We observed similar decrease in import rates of pb 2 (220)DHFR and precursor of F 1 ␤ into Tim50↓ mitochondria (not shown). ⌬⌿ did not decrease in Tim50↓ mitochondria (not shown). Then import of ADP-ATP carrier (AAC), a presequence-less polytopic inner membrane protein, into Tim50↓ mitochondria was compared with that into wild-type mitochondria. In contrast to pSu9-DHFR and mtHsp60, neither translocation across the outer membrane nor insertion into the inner membrane for AAC was affected by depletion of Tim50 ( Figure 3D ). Import of another presequence-less poly- 
Tim50, as well (not shown).
iae strain was disrupted by the C. glabrata HIS3 gene, the diploid was sporulated, and seven different asci were dissected. The four spores recovered from each of the asci were allowed to germinate and to grow for 3 days at 30ЊC on YPD. natant fraction. (B) Localization of Tim50 by immunofluorescence microscopy. Cells (D) In vitro import of the precursor of Tim50 into isolated mitochonof yeast strain W303-1A were analyzed by double label immunofluodria. The radiolabeled Tim50 precursor was incubated with isolated rescence microscopy using anti-Tim50 antibodies and the anti-porin mitochondria at 30ЊC for indicated times. After import, the samples antibody. Panels a, b, and c show the same field of the fluorescent were divided into halves, and one aliquot was kept on ice (ϪPK) images stained with anti-Tim50 antibodies (red) or the anti-porin and the other was treated with proteinase K (ϩPK). The mitochondria antibody (green), and of the merged image, respectively.
were reisolated by centrifugation and proteins were analyzed by (C) Submitochondrial localization of Tim50. Mitochondria (lanes 1 SDS-PAGE and radioimaging with a Storm 860 image analyzer (Moand 2) and mitoplasts (lanes 3 and 4) were treated with 200 g/ml lecular Dynamics). The intensity for "ϩPK" is enhanced 30-fold as proteinase K for 20 min on ice (lanes 2 and 4). Mitochondria were compared with that for "ϪPK." The mature form for ϪPK and that treated with either 0.1 M Na 2 CO 3 (lanes 5 and 6) or 1% Triton X-100 for ϩPK were quantified and plotted as "Processed protein" and (lanes 7 and 8), and then pellets (lanes 5 and 7) and supernatants "Imported protein," respectively against the incubation times. The (lanes 6 and 8) were separated by centrifugation. SW, osmotic swellamounts of the Tim50 precursor added to each reaction are set to ing; PK, proteinase K treatment; Na 2 CO 3 , extraction with Na 2 CO 3 ;
100%. c, 25% of the Tim50 precursor added to each sample; p and TX-100, extraction with Triton X-100; ppt, pellet fraction; sup, superm, precursor and mature forms, respectively. Figure 5A) . To obtain additional evidence that Tim50 is a subunit import of mtHsp60 and pSu9-DHFR into mitoplasts were Ͻ5 g IgGs per 50 g mitochondrial proteins. On of the TIM23 complex, mitochondria containing hexahistidine-tagged Tim50 (Tim50-His6) were solubilized and the other hand, insertion of Tim23 into the inner membrane was not affected by preincubation of mitochonsubjected to incubation with Ni-NTA agarose resin. Tim50-His6 efficiently bound to Ni-NTA agarose and was dria or mitoplasts with anti-Tim50 IgG (Figure 4) . These results indicate that Tim50 mediates the early step of eluted with 250 mM imidazole ( Figure 5B, lanes 4-6) . The subunits of the TIM23 complex, Tim23, Tim17, and translocation of mitochondrial precursor proteins with a cleavable presequence, but not the ones without a Tim44 were also adsorbed to Ni-NTA agarose and were eluted with 250 mM imidazole, while Tom70 or AAC did presequence, across the inner membrane. not bind to the resin ( Figure 5B, lanes 4-6) . As a control, when solubilized mitochondria containing HA epitopetagged Tim50 (Tim50-3HA) instead of Tim50-His6 were incubated with Ni-NTA agarose resin, neither Tim50 nor other subunits of the TIM23 complex bound to the resin ( Figure 5B, lanes 1-3) . These results indicate that Tim50 is a subunit of the TIM23 complex.
When mitochondria were solubilized and analyzed by glycerol density gradient centrifugation, Tim50 was recovered partly in the fractions corresponding to ‫041ف‬ kDa and partly in those corresponding to ‫052ف‬ kDa ( Figure 5B Figure 5D ). This suggests that the IMS domain of Tim50 interacts directly with residues 51-96 of Tim23.
It has been reported that Tim23 takes an unusual transmembrane topology in which Tim23 spans both the outer and inner mitochondrial membranes (Donzeau age decreased in mitochondria with decreased Tim50 (Tim50↓), whereas it increased in mitochondria with overexpressed Tim50 (Tim50↑). These results suggest that the integration of the N-terminal segment of Tim23 into the outer membrane is dynamic and is stabilized by Tim50. Since Tim50 excess over the wild-type level of Tim50 still affects the clipping of Tim23, interactions of Tim50 with the TIM23 complex may be also dynamic.
Tim50 Links Protein Translocation across the Outer and Inner Membranes
The N-terminal domain (residues 1-50) of Tim23 has been suggested to facilitate the transfer of precursor proteins from the TOM complex to the TIM23 complex (Donzeau et al., 2000) . Since Tim50 has a large C-terminal domain exposed to the IMS, which interacts with the IMS-exposed segment of Tim23, Tim50 may also facilitate the transfer of precursor proteins between the TOM and the TIM23 complexes. To test such a possibility, we probed the interactions of the translocation intermediate accumulated at the TOM complex with Tim50 by a crosslinking approach.
pSu9-DHFR binds to the mitochondrial surface when incubated at 30ЊC with isolated mitochondria containing Tim50 or Tim50-3HA that have been treated with carbonyl cyanide m-chlorophenylhydrazone (CCCP) to prevent the presequence translocation across the inner membrane by dissipating ⌬⌿ (Kanamori et al., 1999) . 
